Research into, and the environmental release of, transgenic rapeseed in China are overviewed and the environmental risks are assessed, focusing on competitive survival ability, gene dispersal and biodiversity impact of transgenic rapeseed. It is concluded that transgenic rapeseed has a higher probability of gene dispersal when compared with other major crops. Brassica napus may transfer genes through pollen and seeds to vegetables and wild species of B. rapa and B. juncea, for which China is the biodiversity centre and also the country of highest consumption. It is considered that the risk of gene dispersal is present, but can be reduced to an acceptable limit. Commercialization of transgenic rapeseed should not be stopped, but should be built on a safe and sound basis by building a reasonable management system. Awarenes of biosafety considerations for transgenic rapeseed should be strengthened, and a technical platform of genetically modified organism (GMO) detection and monitoring should be properly established. Countermeasures against environmental risks are also discussed.
Introduction
With the rapid development of modern biotechnology, commercialization of transgenic crops tends to be an irreversible practice. It is undeniable that genetically modified crops may not only provide significant benefits to the world economy and society, but also pose potential risks to the environment and human health. As the largest producer of rapeseed in the world, China is on the way to considering whether and how to promote the commercialization of transgenic rapeseed, though it is not yet commercially cultivated in China. Environmental biosafety is a key issue, which is hotly debatable, and closely related to the destiny of commercialization of transgenic rapeseed. With a view to providing the scientific basis for the commercialization and risk management of transgenic rapeseed in China, it is necessary to overview the current status of research and environmental release of transgenic rapeseed, and to draw a comprehensive assessment on the potential environmental risks.
Research and commercialization of transgenic rapeseed
Rapeseed (Brassica napus L.) is the most studied plant for genetic engineering. In Canada and in America, at least 11 transgenic rapeseed events have been approved for commercial production. All these transgenic events have been developed by multinational private companies (Table 1) . Since 1995, Canada, Japan and America have cleared environmental biosafety assessment and approved these varieties for food, feed and environmental release. More recently, China and Australia also passed environmental biosafety assessment for some of the transgenic rapeseed events. In March 2004, China approved seven transgenic rapeseed varieties, including GT73/RT73 from Monsanto and Ms8Rf3, Ms1Rf1, Ms1Rf2, OXY235, TOPAS19/2 and T45 from Bayer, for import as raw materials for processing.
Transgenic rapeseed has been cultivated commercially only in Canada and in America, but exported to several countries such as China, Japan and Mexico. In Canada, transgenic rapeseed accounted for 75% of the rapeseed acres in 2004, of which GT73/RT73-derived varieties accounted for about 42%, and the hybrid rapeseed varieties derived from Ms8 and Rf3 covered about 25%. GT73/RT73 and Ms8Rf3 have been utilized the most as parental materials in rapeseed breeding, and more than 40 varieties derived from them have been registered and cultivated in Canada.
China imports up to 3 MT and averages 1 million tons of rapeseed each year from Canada. Over 60% of the imported rapeseed is transgenic. Imported rapeseed was approved only for processing materials and not allowed for planting in China. The transgenic rapeseed usually enters China by sea, through the ports along the south and east coast, and is then transferred to crushing plants by trucks and trains. The refined oil and meals are sold throughout the country.
No transgenic rapeseed is cultivated commercially, but research on genetic engineering of rapeseed is active in China. The genetic transformation techniques are well established. Several dozens of successful transgenic events have been reported. Some of the events have been approved for environmental release and for field pilot trials (Table 2 ). The new traits include herbicide tolerance or hybrid production systems, disease resistance, pest resistance, seed oil profiles and biopharmaceutical traits (Table 2) . Studies related to rapeseed genetic transformation have been reported In Zhejiang, Hubei, Hunan, Beijing, Shanghai, Yunnan and Shichuan provinces. In Qinghai province, transgenic rapeseed has been gathered from various parts of China and multiplied as breeding materials.
With increasing transgenic rapeseed release to the environment, the potential ecological risks have aroused more and more concern. As shown in Table 2 , there are a couple of foreign genes involved in the experiments. The biosafety characteristics of some of the genes are controversial. Especially in the initial generations, introduced traits of the transformants are genetically unstable and not all the effects of genetic modification could be predicted. If not properly regulated, food and environmental safety apprehension may occur due to the uncertainty of the impact of these plants.
Potential environmental risks posed by transgenic rapeseed
The typical concerns about potential adverse impact of transgenic rapeseed on natural ecosystems are summarized in the following questions: (1) Will transgenic rapeseed become hazardous, toxic, allergic or invasive plants in nature? (2) Will transgenic rapeseed transfer its genes to other species, causing gene dispersal and resulting in hidden risks to food and environmental safety? (3) Will transgenic rapeseed cause extinction of other species and impact on biodiversity?
China is a biological diversity centre for B. rapa and B. juncea (Liu, 1985) . Rapeseed is a Brassica species, readily crossed with B. rapa and B. juncea. B. rapa consists of a wide range of important vegetables, such as Chinese cabbage (B. rapa ssp. pekinensis), Hong Caitai (B. rapa var. purpuraria), Youcai (B. rapa ssp. chinensis), Wutacai (B. rapa ssp. chinensis var. rosularis), Jingshuicai (B. rapa ssp. japonica), Caixin (B. rapa ssp. parachinensis) and Wuqing (B. rapa ssp. rapifera). B. juncea also involves a lot of subspecies, such as Genjie, Zhacai oils, condiment, and others). They are extensively distributed and cultivated in a year. China is also the largest rapeseed producer in the world, with an annual production of 12 million tons and a planting area of 7.8 million hectares. Rapeseed is cultivated in almost the entire country, from east to west and from north to south (Liu, 1985) . Wild B. rapa and B. juncea are particularly common weeds found in agricultural fields (Li, 1998) . Therefore, gene dispersal with hazardous effects, if any, may have a very extensive influence.
Survival ability analysis
Whether transgenic rapeseed becomes an invasive weed depends on the change of its survival fitness. As a predominant winter crop in China, rapeseed is sown in autumn and harvested in late spring. Due to their poor resistance to drought and heat, rapeseed plants, in general, can not survive in summer, if growing in dry lands. Without drought resistance acquisition, rapeseed plants can not evolve under natural conditions. However, rapeseed sheds its pods easily and spreads its seeds in soil, forming a seed bank underground. Simard et al. (2002) and Lutman (1993) have evaluated the density of rape seeds in the soil after harvest as 2000 and 10 000 seeds/m 2 , respectively. A study in Canada demonstrated that seed density in the seed bank became lower by one-tenth in the first year, then decreased gradually. Once exposed to darkness and watering for a long time, seeds would enter secondary dormancy. In undisturbed soil, seeds can survive for 10 years or more.
In disturbed soil, they may survive about 5 years (Pekrun et al., 1998) . In Australia and Canada, scattered seeds supplemented the seed bank steadily, and rapeseed became an important weed in agricultural areas (Simard et al., 2002) . In China, wild B. rapa and B. juncea plants are popular and in some places, they are important weeds. Therefore, it is possible for transgenic rapeseed to become a weed.
Risk assessment of gene flow

Biological properties of rapeseed flowering
An individual flower of rapeseed forms about 6000 pollen grains, which would be scattered around when flowering.
Half of the pollen grains produced would fall within approximately 3 m from the source due to gravity (Lavigne et al., 1995) , and 93% of them would travel less than 10 m, with only about 7% drift with the wind (Staniland et al., 2000) . Mesquida and Renard (1982) reported that rapeseed pollen could be dispersed by wind up to 32 m, 75% of which fell within 6 m from the source. Canola pollen distribution is leptokurtic, i.e. pollen counts show a steep decline with distance, which can be up to 1.5 km, or 4 km if transferred by insects (Thompson et al., 1999) . The dispersed pollen can remain viable for between 1 day and 1 week (Mesquida and Renard, 1982) . The absolute amount and density of pollen grains distributed around the field vary with a number of factors. Size of the pollen source and genotype of the source cultivar are two major factors affecting the pollen counts. Wind power and direction as well as air pressure and humidity affect pollen density distribution. McCartney and Lacey (1991) found that a 90% decrease in pollen density could be noticed at 20 m from the field border, while Timmons et al. (1995) reported 90% and 95% reductions of air-borne pollen density at 360 m and 400 m, respectively. McCartney and Lacey (1991) found that the pollen counts at 100 m away from the source only account for 2-11% of that at the centre. However, a few rape pollen grains can flow with the wind up to more than 475 m, with the pollen density still up to 5% at 400 m from the source (Thompson et al., 1999) . Furthermore, Timmons et al. (1995) found 0-22 pollen grains/m 3 at 1.5 km from the source.
Factors affecting the outcrossing rate B. napus is both cross-pollinated and self-pollinated; its pollen can be transferred to its neighbouring crops by wind and insects, especially honeybees (Thompson et al., 1999) . Generally, pollen grains dispersed by wind are quickly dried in the air, and thus, do not play the main role in dispersal over longer distances. Long-distance dispersal is mostly attributed to honeybee movement (Timmons et al., 1995; Thompson et al., 1999) . Generally bees can forage up to 2 km from their hive; sometimes the distance can be even up to 10 km (Seeley, 1985) . However, honeybees tend to collect as much pollen as possible within the shortest time, and thus most foraging activities are likely to be close to their hive. Consequently, outcrossing events in rapeseed mainly occur within a small area.
The outcrossing rate varies with various factors, which can be roughly classified into two groups: environmental and genetic factors. Environmental factors change the outcrossing rate by affecting the possibility that foreign pollen make contact with recipient plants. Genetic factors change the outcrossing rate by determining sexual compatibility and flowering synchrony. Major environmental factors include isolation distance, local topography, air temperature and humidity, wind power and direction, plot size of the pollen source, spatial arrangement of donor and recipient plots. Major genetic factors are parental species and crossing genotypes, which determine the sexual compatibility of different species or varieties. The principal species showing interspecific cross-compatibility with B. napus are B. rapa and B. juncea. Even within the same species, different genotypes may vary greatly in sexual compatibility in interspecific crossing.
Under natural conditions the outcrossing rate of B. napus is generally below 3% (Staniland et al., 2000; Beckie et al., 2001) . It falls with the increase of the isolation distance from the pollen source. At 400 m the outcrossing rate is generally lower than 0.01%. A field trial conducted by Scheffler et al. (1995) , with transgenic herbicide-tolerant rapeseed (B. napus) in the UK, showed that the outcrossing rates were 0.0156% and 0.0038% at 200 m and 400 m, respectively. Outcrossing events could be detected at a distance of 2.5 km, but not at 3 km, even with a very large sample. Timmons et al. (1995) reported that the outcrossing rate in rapeseed dropped dramatically with the increase in isolation distance. An outcrossing rate of 0.035-0.05% was reported at 32 m, and dropped to 0.01-0.5% at 100 m (Manasse and Kareiva, 1991; Beckie et al., 2001; Simard et al., 2002) .
The use of a male-sterile line as recipient can result in much higher outcrossing rates than that of conventional cultivars, due to the increased chance of the recipient's stigma to receive foreign pollen. Thompson et al. (1999) found outcrossing rates of 88.4%, 13-58% and 5% at distances of 1 m, 400 m, 4 km, respectively, when using a sterile line as the pollen recipient. Similarly, with a self-incompatible line as the recipient population, the outcrossing rate may also be very high.
The outcrossing rate is also changed with the size of the pollen source. A small plot of the pollen source gives higher levels of outcrossing because it allows bees to forage into more distant areas to collect pollen (Scheffler et al., 1995) . The outcrossing rate can vary greatly according to climatic conditions. Wind speed and direction and air temperature may change the behaviour of bees and indirectly change the level of outcrossing.
A pollen trap border significantly reduces the occurrence of pollen dispersal, because it attracts honeybees to forage and prevents them from flying away (Timmons et al., 1995) . Staniland et al. (2000) conducted a trial to determine the efficiency of a pollen trap with a nontransgenic crop. A 30 m non-transgenic border was set around a 30 mr30 m plot of transgenic rapeseed. The result showed that the outcrossing rate (y) declined with the increase of distance (x): 0.5% at 0 m, and 0.015% at 30 m from the pollen source, fitting well with the exponential equation y = 0.54e -0.25x (R 2 = 0.99). In a similar trial carried out in America, an outcrossing rate of 2.0-3.5% at 0 m and of 0.6-0.7% at 5 m was recorded (Morris et al., 1994) . All these trials have demonstrated that a non-transgenic buffer might play a significant role in reducing pollen dispersal. In Canada, a transgenic rapeseed field trial requires a 10 m border of a nontransgenic and synchronously flowering crop in order to reduce transgene dispersal (Staniland et al., 2000) .
Gene dispersal through seeds
Seeds are an important vector of gene dispersal in rape. A single rapeseed plant can produce 3000-10 000 seeds in one year. As the seed is small and the propagation quotient is high, a gene may disperse quickly in a population. For instance, with a general level of rape seed production at about 2700 kg/ha and with an outcrossing rate of 0.1%, about 7.5r10 8 seeds in total, or 7.5r10 5 seeds from outcrossing, can be produced per ha (given that 1000 seeds weigh 3.6 g). If all seeds are used for reproduction, transgene dispersal will be inescapable. If they are used for food consumption, however, those outcrossing offspring can only survive through volunteer plants. Consistent scattering each year maintains the seed bank in the soil of rapeseed production areas. Scattered seeds in the soil may germinate and grow under favourable conditions and become a source of pollen contamination. For example, in rapeseed production regions of China, low erucic acid varieties often lose their trait unexpectedly after several years of cultivation. This is due to the fact that volunteer plants with high erucic acid constantly generate from the seed bank, causing contamination. That is also the reason why gene stacking occurs where different varieties with glufosinate, glyphosate and imidazolinone tolerance are cultivated in the same field at different times (Hall et al., 2000) . Gene stacking in a single variety is a very important source of risks to the environment.
The possibility of gene flow between related species
Many cultivated and wild crucifer species are distributed in China. Some of them are weeds or vegetable crops, and some show cross-compatibility with B. napus. The most common crucifer species found in China include B. rapa, B. oleracea, B. nigra, B. juncea, Raphanus sativus, Sinapis alba, Sinapis arvensis, Orycophragmus violaceus and Capsella bursa-pastori. According to the documentation so far, B. rapa and, to a lesser extent, B. juncea are two species readily crossed with B. napus under natural conditions. Raphanus raphanistrum and Hirschfeldia incana have also been reported to produce hybrid seeds with B. napus in the field, but with very low cross-compatibility (Chévre et al., 1996; Rieger et al., 2001) . No other species has been found to produce interspecific hybrids with B. napus under natural conditions.
In general, interspecific hybrids possess very low seed fertility. The success of outcrossing and hybrid formation does not necessarily imply the success of gene transfer. A successful gene transfer from one species to another has to overcome a series of obstacles. For instance, flowering of donor and recipient plants should be synchronous to allow pollination; the foreign pollen should germinate on the recipient's stigma; the pollen should germinate and fertilize the ovule; the zygote should grow up to form a seed; the hybrid seed should be able to germinate and grow up to produce fertile pollen; the hybrid pollen must be viable to backcross with its female parent and set seeds; the same backcrossing process should go on for many generations. Every abovementioned step is much more difficult in interspecific crossing than in intraspecific crossing. Failure in one of these steps results in gene transfer breakdown.
The success of outcrossing does not mean the completion of gene transfer. The interspecific hybridization between B. rapa and B. napus may be taken as a good illustration. One flower of B. napus broadly produces 20 seeds in normal self-and cross-pollination. But, only 0.1-5.0 hybrid seeds were produced when crossing B. rapa (2n = 20, AA)rB. napus (2n = 38, AACC) (Lu and Kato, 2001 ). The F 1 hybrid plants (2n = 29, AAC) grew well and bore an average of 4 seeds per pod in open pollination (Lu and Kato, 2001) . A mean of 0.1-2.0 seeds per flower were set in backcrosses of the interspecific hybrids to B. rapa (Lu et al., 2002) . Most of the backcross progenies were aneuploid (Lu et al., 2001a) . The backcross progeny were relatively weak in growth, and very low in pollen and seed fertility, with only a few exceptions that were close to the normal (Lu et al., 2002) . The possibility of a gene transfer from B. napus to B. rapa also depends on the exchange rate between chromosomes of the two species. B. napus (2n = 38, AACC) is composed of two genomes called A and C, while B. rapa only contains the A genome (2n = 20, AA). In meiosis of the hybrids between B. napus and B. rapa, A chromosomes could find their homologous counterparts and form up to 10 bivalents, resulting in gene exchange (Lu et al., 2002) . The C chromosomes from B. napus could not pair with A chromosomes from B. rapa, although they are partly homologous. Therefore, the possibility of gene transfers between A and C genomes are generally very low (Lu et al., 2002) . The frequency of gene exchange between C and A genomes was reported to range from 6 to 20%, according to a study using molecular markers (Quiros et al., 1987) . Another paper reported that the frequency of trivalents in meiotic metaphase in F 1 hybrids between B. rapa and B. napus ranged from 13 to 72% (Namai et al., 1980) . With nine C chromosomes in total, the rate of crossing-over between a specific A chromosome with one of the C chromosomes should be one-ninth of 13-72%, or 1.4-8.0%. The frequency of gene recombination is half that of chromosome crossover. Therefore, the recombination frequency of a gene between the C chromosome and the A chromosome should be less than 0.7-4.0%. The frequency 6-20% observed by Quiros et al. (1987) might include mutual replacement of chromosomes from different genomes. The backcross progenies harbouring C chromosomes were generally aneuploid (Lu and Kato, 2001; Lu et al., 2002) , and their survival fitness was about one-tenth of normal fitness (Lu and Kato, 2001) . A gene from C chromosomes will be lost rapidly with the progress of backcrossing, and will finally disappear from the population (Lu et al., 2002) . However, a gene from the A chromosome could be transferred to B. rapa within two generations (Lu et al., 2002) .
Numerous studies have demonstrated that a gene from B. napus can be transferred to B. rapa and B. juncea through outcrossing, and this possibility could be promoted if the foreign gene is located on the A genome. Under natural conditions, it is nearly impossible for a gene to transfer from B. napus to other species such as B. oleracea and Sinapis alba.
Other potential ecological risks
Ten years have passed since the cultivation of GM herbicide-tolerant rapeseed was accomplished in Canada. Several problems have been encountered so far: (1) herbicide-tolerant feral plants and multi-herbicide tolerant plants in rape production areas, adding to difficulty in control; (2) contamination of organic crops by transgenic rapeseed, posing an adverse impact on exports and marketing.
Transgenic rapeseed resistant to broad-spectrum herbicides (such as glufosinate, glyphosate), when planted in large areas and treated with the same herbicide, may change the local weed colonies, causing a decreased diversity of weeds and the neighbouring ecological system, and inducing tolerance to herbicide in weeds. Similarly, transgenic varieties with insect resistance might harm non-target insects, and induce pesticide tolerance in target species. Stress tolerant genes, when transferred to weed species, may make the weed plants more of a problem.
Ecological risk detection and protection measurements
According to the above analysis, transgenic rapeseed can cause gene dispersal through pollen and volunteer plants. The natural outcrossing rate of transgenic rapeseed is generally below 2% and not higher than 3%. However, the outcrossing rate is much higher when sterile or selfincompatible lines are used as pollen recipients. In general, the outcrossing rate is significantly reduced by space and temporal isolation, or by a pollen trap border. The outcrossing rate is 0.01-0.5% at 100 m and 0.0038-0.6% at 400 m (mostly lower than 0.06%). At 400 m from the pollen source, very low levels of outcrossing may occur. The risk of pollen dispersal is therefore mainly from foundation seed production fields, especially hybrid seed production fields with sterile lines as parents. It is reasonable to use 5 km as the isolation distance for hybrid seed production and 400 m for general rapeseed production. A 10 m border as a pollen trap is also needed for either situation.
Due to pollen flow and seed movement, it is not possible to ensure no transgenic contamination by space isolation only. It is unwise to guarantee the seed purity being 100%. Practically, it is necessary to stipulate an acceptable threshold for unintended genetically modified organism (GMO) presence, based on which an isolation distance can be set up. For certified and foundation seed, isolation distances of 100 and 500 m, respectively, are generally considered sufficient to limit outcrossing and maintain seed purity (Scheffler et al., 1993) . In Canada, isolation distances are 400 m for foundation seed production (99.9% purity), 100 m for certified seed production, and 200 m isolation distance plus 10 m pollen trap border with a synchronously flowering non-transgenic variety for transgenic rapeseed production (Staniland et al., 2000) . In England, a 50 m isolation distance is required for high erucic acid rapeseed production and 200 m for organic rapeseed production. In France, Belgium and Sweden, a 400 m isolation distance is required for GM trials. In Australia, a 400 m isolation distance plus a 15 m non-GM buffer are required. In the EU a 300 m isolation and a 6-year rotation are required for hybrid rapeseed production. In China, a 1000 m isolation distance is required for GM rapeseed trials, and a distance of 2000 m is required for multiplication of either the sterile or the maintaines rapeseed line.
As one of the major factors for gene dispersal in rapeseed, volunteer plants are gradually diminished with years. Canadian regulation requires a 2-4-year interval crop rotation when growing transgenic rapeseed. In Europe a more stringent standard is implemented for the rotation interval. In China, the problem of volunteer plants should be particularly emphasized and paid more attention to.
Two ways have been recommended to reduce gene dispersal. The first is by genetic means, including: (1) the insertion of the gene into the cytoplasmic genome or C genome (Lu et al., 2002) ; and (2) the use of molecular control technology, such as a repressible seed-lethal (SL) system (Schernthaner et al., 2003) , recoverable block of function (RBF) (Kuvshinov et al., 2001 ) and terminator technology (Kuvshinov et al., 2001) , etc. The second way is by cultivation management, consisting of: (1) an isolation zone of more than 400 m (Scheffler et al., 1993) ; (2) a non-GM pollen trap zone at 10-15 m (Staniland et al., 2000) ; (3) an interval crop rotation of 2-5 years (Lu et al., 2002) ; (4) growing cultivars with different herbicide tolerance in different locations; and (5) a reduction of scattering seed amount and volunteer plant number by reinforcing operation management during the whole process of harvest and storage.
Conclusions
B. napus is a major source of edible oil and forage protein, while B. rapa and B. juncea are vital vegetables. All these species are very important in agricultural production and the national economy of China. Due to the large reproduction quotient, the numerous crossable plants and the persistence of a soil seed bank, B. napus can transfer transgenes to B. napus, B. rapa and B. juncea, etc. Rapeseed has a higher probability of gene dispersal than other major crops in China. With the release of more and more transgenic varieties, problems of gene dispersal and gene stacking must be emphasized. Risk assessment of transgenic crops should be made on a case-by-case basis. Indeed, no crucial biosafety problem has been found and all the transgenic rapeseed events in commercialization are relatively safe, but it does not mean that transgenic crops are all safe and that there is no need to regulate. It is also wrong if one denies transgenic techniques and stops progress in commercialization for the potential risks. It is dangerous to handle the transgenic biosafety problems in an incomprehensive way. In order to guarantee the commercialization of transgenic rape, studies should be strongly oriented to the prevention of transgene escape and the reduction of risks within acceptable limits. In China genetic transformation techniques of rapeseed have well been established and genetic transformation experiments are frequent, with a variety of genes transferred, but without strict management. A large quantity of transgenic rapeseed is imported to China. Biosafety consciousness of transgenic rapeseed must be strengthened, biosafety management and risk prevention measures must be reinforced, and a technical platform of GMO detection and monitoring should be properly established.
